Inflammation is an inherent response of the organism that permits its survival despite constant environmental challenges. The process normally leads to recovery from injury and to healing. However, if targeted destruction and assisted repair are not properly phased, chronic inflammation can result in persistent tissue damage. To better understand the inflammatory process, we recently introduced a profiling methodology to identify common genes involved by different stimuli. The significance of these processes was tested from both biological and statistical viewpoints. We propose that connective mosaic may represent the necessary simplification step to visualize cDNA array results.
INTRODUCTION
Inflammation underlies all major bladder pathologies including malignancy and represents a defense reaction to injury caused by physical damage, chemical substances, micro-organisms or other agents (20) . During acute inflammation, activation of specific molecular pathways leads to an increased expression of selected genes whose products attack the insult, but ultimately should protect the tissue from the noxious stimulus. However, once the stimulus ceases, gene-expression should return to basal levels to avoid tissue fibrosis, chronic inflammation, and loss of function as indicated by a reduced bladder capacity in patients with chronic cystitis (13) .
Although sensory nerves (7, 25) and mast cells products (24) are known to be key parts of the inflammatory puzzle, other key molecules such as bacterial toxins are constantly being described having a role in bladder inflammation (21). Therefore, as the database describing the repertoire of inflammatory mediators implicated in bladder inflammation increases, the central mechanisms by which injury can induce inflammation, cell damage, and repair often becomes less rather than more clear (20) . To make sense of the vast knowledge of the genes involved in inflammatory response may require analysis of the patterns of change and the elucidation of gene networks far more than definition of additional members of inflammatory cascades (7, 19) . To better understand the inflammatory process we recently introduced a gene profiling methodology to identify common genes involved in bladder inflammation (19) .
The method used cluster analysis, more precisely, self-organizing maps, to determine the time-course of gene regulation. However, cluster analysis does not include negatively correlated genes and fails to describe the different molecular pathways involved in the inflammatory response.
In the present work, we used three different stimuli known to induce a bladder inflammatory response: substance P (SP) (2) , antigen challenge of sensitized animals (19) ,
and E.coli lipopolysaccharide (LPS) (21). SP, LPS, and antigen
Connective Mosaics of Cystitis 4 cause inflammation that is morphologically undistinguishable (19) . However, each stimulus starts the inflammatory cascade by activating a distinct mechanism, SP activates G-protein-coupled neurokinin (NK) receptors, antigen challenge is dependent on immunoglobulin E (IgE) (8) , and LPS seems to be dependent on toll-like receptors and CD14 (1) . Therefore, based on the premise that the 3 stimuli have a different initiating cascade, but share points of convergence and final common outcome, we used these paradigms in order to test a new statistical method applied to cDNA arrays and to determine the bladder molecular inflammatory pathways.
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MATERIALS AND METHODS
Animals.
Ten to twelve-week old female C57BL/6J mice were used in these experiments that were performed in conformity with the "Guiding Principles for
Research Involving Animals and Human Beings (OUHSC Animal Care & Use Committee protocol #00-109)".
Antigen sensitization protocol. One group of mice in this study was sensitized with intraperitoneal injections of 1 g of dinitrophenol-human serum albumin (DNP 4 -HSA) in 1 mg alum on days 0, 7, 14, and 21. This sensitization protocol induces sustained levels of IgE antibodies up to 56 days postsensitization (9) and its specificity resides in the fact that this response is abolished by antibodies to IgE (9) . One week after the last sensitization, cystitis was induced (see induction of cystitis) by intravesical challenge with antigen DNP 4 -ovalbumin (DNP-OVA) to induced bladder mast cell degranulation (16, 22, 25) .
Induction of cystitis.
Acute cystitis was induced as we described previously (15-17, 22, 25) . Briefly, female mice were anesthetized (ketamine 40 mg/kg and xylazine 2.5 mg/kg, i.p.), then transurethrally catheterized (24 Ga.; 3/4 in; Angiocath, Becton Dickson, Sandy, Utah), and the urine was drained by applying slight digital pressure to the lower abdomen. The urinary bladders were instilled with 300 l of one of the following substances: pyrogen-free saline, SP (10 µM), Escherichia coli LPS strain 055:B5 (Sigma, St. Louis, MO; 100 µg/ml), or antigen DNP 4 -OVA (1 g/ml) in actively sensitized mice.
Substances were infused at a slow rate to avoid trauma and vesicoureteral reflux (16) . To ensure consistent contact of substances with the bladder, infusion was repeated twice within a 30-min interval and a 1-ml syringe was maintained in the catheter end for 1 hour. After that the catheter was removed Connective Mosaics of Cystitis 6 and mice were allowed to void normally. One, four, and twenty-four hours after instillation, mice were sacrificed with pentobarbital (100 mg/kg, i.p.) and bladders were removed rapidly.
Alterations at histological level. The urinary bladder was evaluated for inflammatory cell infiltrates, mast cell numbers, and the presence of interstitial edema. A semi-quantitative score using defined criteria of inflammation severity was used to evaluate cystitis (5, 19) . A cross-section of bladder wall was fixed in formalin, dehydrated in graded alcohol and xylene, embedded in paraffin, and cut serially into four 5-µm sections (8 µm apart) to be stained with hematoxylin and eosin (H&E) and Giemsa. Histology slides were scanned using a Nikon digital camera (DXM1200; Nikon, Japan) mounted on a Nikon microscope (Eclipse E600, Nikon, Japan). Image analysis was performed using a MetaMorph Imaging System (Universal Imaging Corporation, West Chester, PA). The severity of lesions in the urinary bladder was graded as follows: 1+, mild (infiltration of a 0-10 neutrophils/cross-section in the lamina propria, and little or no interstitial edema); 2+, moderate (infiltration of 10-20 neutrophils/cross-section in the lamina propria, and moderate interstitial edema); 3+, severe (diffuse infiltration of >20 neutrophils/cross-section in the lamina propria and severe interstitial edema) (5).
Sample preparation for cDNA Expression Arrays. We used the same sample preparation technology as described previously (7, 18, 19, 23) . Briefly, three bladders from each group were homogenized together in Ultraspec RNA solution for isolation and purification of total RNA. Mouse bladders were pooled to ensure enough RNA for gene array analysis. The justification for this approach is that there is not enough RNA in a single mouse bladder for performing cDNA array experiments and the purification step reduces the yield of total RNA. By pooling three bladders together we avoid using RNA Connective Mosaics of Cystitis 7 amplification but it needs to be taken in consideration that the variance is artificially low due to pooling of data.
RNA was DNAse-treated according to manufacturer instructions (Clontech Laboratories Palo Alto CA), and 10 g RNA was evaluated by denaturing formaldehyde/agarose gel electrophoresis. This procedure was repeated using additional three bladders in each experimental group. Therefore, two pools of RNA were generated per experimental group for a total of 6 mice and two separate hybridizations per group. The radioactively labeled complex cDNA probes were hybridized overnight to a mouse cDNA Expression Arrays (Clontech, Palo Alto, CA) using ExpressHyb TM hybridization solution with continuous agitation at 68 °C. After high-and lowstringency washes, the hybridized membranes were exposed overnight at room temperature to a ST Cyclone phosphor screen.
Quantification of gene-expression. The phosphorimaging screen contains phosphor crystals that absorb the energy emitted by the radioactivity of the sample and re-emits that energy as a blue light when excited by a red laser.
Results are presented as digital light units (DLU). Spots on the arrays were quantified using grid analysis provided by OptiQuant Image Analysis Software Database submission of microarray data. The microarray data was prepared according to "minimum information about a microarray experiment" (MIAME) recommendations, has been deposited in the Gene Expression Omnibus (GEO) database, and can be accessed at http://www.ncbi.nlm.nih.gov/geo/. The samples can be retrieved with GEO accession number GSE597.
Outline of statistical analysis.
Normalization. Normalization was conducted using an iterative nonlinear curve fitting procedure as described (6) . This procedure assumes that intensities corresponding to mRNA not expressed by the tissue will be normally distributed and computes their mean and standard deviation (SD) (typically around 70% of all genes presented on each array). Next, we normalized each expression profile to its own background (defined by adjusting a mean = 0 and SD =1 of the distribution of non-expressed genes). For further analysis, data obtained after normalization of each profile to its own background were log-transformed with substitution of negative values by the minimal logarithmic value obtained within positive values.
Robust regression analysis of expressed genes. This analysis was based on the fact that, in a linear regression analysis between two compared samples, the majority of genes are equally expressed and therefore, randomly distributed around the regression line with a small portion of differentially expressed "outliers". The contribution of outliers to the regression analysis was down-weighted in an iterative manner. All expression profiles of both control and experimental groups were then re-scaled to a common standard -the averaged profile of the control group. Our procedure for outlier exclusion was based on the selection of equally expressed genes with close to normally distributed residuals (measured as deviations from the regression line).
Selection of "hyper-variable genes" (HV-genes). The next step was identification of a group of similarly expressed genes from control samples, denoted "the reference group". This group was used for selection of HV genes in experimental samples using the F-clustering procedure. The reference group was composed by genes expressed above background in control samples with a low variability of expression (as determined by an F-test), and whose residuals approximate a normal distribution (based on the Kolmogorov-Smirnov criterion). The variability of expression of this reference group was due to technical variation. This value was used to identify genes that vary due to experimental conditions in a statistically significant manner.
F-means cluster analysis of HV-genes co-expression. This clustering procedure consisted of the following steps:
1. Gene expression normalization, log-transformation and rescaling as described above. 5. Hyper-variable genes were sorted by their connectivity and the gene of highest connectivity was used as a "parent". All genes whose deviations from its expression not higher than variability of the reference group comprised cluster #1. The next gene of highest connectivity, not belonging to the first cluster, was used as a parent for the cluster #2, and the process continued until all genes were analyzed. It was also taken in consideration that a gene associated with two clusters may represent a functional link between these clusters. Genes that had zero connectivity did not belong to any cluster. Matrices of correlation coefficients were calculated for these clusters and were represented in a graphical output termed a connectivity mosaic such that patterns of correlated and non-correlated genes could be identified by visual inspection.
Networking of the genes by partial correlation. Correlation coefficients characterized co-expression within clusters. However, not every pair of highly correlated genes was functionally interconnected, as their co-expression may be due to independent influences. A partial correlation coefficient, which excludes third part influences, better characterized the functional interconnection. The partial correlation of variables x and y with respect to z was defined as an x-y correlation after removing the effects of z or pr xy,z =(r xyr xz r yz ) /((1-r xz 2 )(1-r yz 2 )) 1/2 . This analysis was performed in a pair-wise manner for all genes shown to be related by cluster analysis. A Monte Carlo simulation study was used to define the statistical threshold (t) below which partial correlation coefficients were likely to be due to chance. Sets of genes were considered to be interconnected if their respective partial correlation coefficients were greater than t. This refinement of assessing gene interrelationships provided a means of identifying genes that were likely to be directly related (and therefore functionally related) as opposed to cluster and correlation analysis which identifies genes that are simply correlated in their behavior.
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Discriminant function analysis (DFA). DFA is a method that identifies a subset of genes whose expression values can be linearly combined in an equation, denoted a root, whose overall value is distinct for a given characterized group. DFA therefore, allows the genes that maximally discriminate among the distinct groups analyzed to be identified (14) . In the present work, a variant of the classical DFA, named the Forward Stepwise Analysis, was used for selection of the set of genes whose expression maximally discriminates among experimentally distinct groups. The Forward Stepwise
Analysis was built step-by-step. Specifically, at each step all variables were reviewed to identify the one that most contributes to the discrimination between groups. This variable was included in the model, and the process proceeds to the next step. The statistical significance of discriminative power of each gene was also characterized by partial Wilk's Lambda coefficients (3)which is equivalent to the partial correlation coefficients generated by multiple regression analyses. The Wilk's Lambda coefficient used a ratio of within group differences and the sum of within plus between group differences. Its value ranged from 1.0 (no discriminatory power) to 0.0 (perfect discriminatory power).
RESULTS
Morphological Analysis. Intravesical instillation of SP, LPS, or antigen (OVA)
induced bladder inflammation characterized by vasodilation, edema, and inflammatory cell infiltrate ( Figure 1A-D) . However, morphometric analyses
were not sensitive enough to determine specific alterations induced by each pro-inflammatory stimulus. On the contrary, based on classical analysis, the conclusion is that, regardless of the stimulus, the urinary bladder maintains a unique set of response leading to inflammation. However, we deliberately chose 3 stimuli that start the inflammatory cascade by activating different receptors and second messengers. Next, we used cDNA technology combine with a stringent statistical analysis to define which of the early, intermediate, and late genes were shared by these stimuli.
Determining highly variable genes. We used as reference group the gene expression of all control samples (saline-treated mice). The variability of this group was taken as a measure of the instrumental error and used to select highly variable genes. As described in Materials and Methods, genes expressed 3SD above background in at least one time point (by F-test) was selected as variable. Of 1182 genes presented in the array, 437 genes were variable in at least one group. The allocation of variable genes in the different groups is presented in Figure 2 .
Cluster Analysis. F-means cluster analysis produced 14 clusters that represented the dynamics of gene regulation ( Figure 3 ). The program first selected genes with higher connectivity as described in material and methods.
These genes, denoted "parents" of clusters, were used as starting points for cluster identification. The clusters were then fully defined by identifying the remaining genes whose expression changed in a statistically significantly manner similar to that of the parent genes. Seven clusters clearly delineated genes that were up-regulated early in the time-course with a peak around 1
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The allocations of genes in different groups are given in Table 2A and 2B. (Table 2B) .
Comparing SP, LPS, and Ag-induced gene regulation by correlation mosaics and functional interconnections by partial correlation
coefficients. Correlation analysis was used to identify genes that respond similarly to a given stimulus with respect to time. This method provided a means of identifying statistically significant groups of genes that were correlated in their time-response. This was done by determining a threshold below which correlated behavior was likely to occur by chance. This threshold was determined using a simulation experiment in which real data were substituted with random data having the same average and standard deviation
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Results of the correlation analysis were represented as "correlation mosaics".
In each mosaic, the pixels were gradually colorized to represent highly negatively correlated (blue) or highly positively correlated (red) genes. These representations provided a visual inspection of similarities and differences in gene expression behavior induced by the three different stimuli. Correlation analysis was done in an iterative manner, with a pair of stimuli compared to the third stimulus in a given analysis. In the initial analysis, SP and LPStreated bladders were compared to OVA-treated bladders. A striking correlation was found between stimuli-responsive genes in SP-and LPS-treated bladders ( Figure 5 ). In extreme contrast, the mosaic for the OVA-treated bladders was significantly different than the LPS and SP-treated groups suggesting that, although OVA may activate some of the same pathways as SP and LPS, the regulation of genes within these pathways is distinct for OVA ( Figure 5 ).
The differences in gene regulation could be clearly delineated using partial correlation coefficient analysis. In this analysis, subtle changes in the regulatory relationships among groups of genes were more accurately determined than in cluster or correlation analysis. This was due to the fact that not every pair of highly correlated genes was functionally interconnected as their co-expression may be due to independent influences. For example, take Table 3 .
Correlation and partial correlation analyses were then used to identify genes that respond similarly in OVA-and LPS-stimulated and differently in SPtreated mouse bladders. Less genes were identified in these groups when compared to common genes induced by SP and LPS , further suggesting that the cellular responses to SP and LPS were more alike then the responses to OVA and LPS (Figures 7 and 8 ). The gene that was differentially regulated, IER2, is poorly characterized and known to be regulated by a variety of stimuli (4, 12) . The latter suggests that IER2 may play an important but as yet uncharacterized role in the response of tissues to inflammatory and immune stimuli. The quantitative results of these analyses and gene lists are summarized in Table 4 .
Finally, correlation and partial correlation analysis were used to identify genes that respond similarly in OVA-and LPS-stimulated mouse bladders and shown to be structurally-related to TNF-R1 and TNF-R2 and it is also functionally related to a complex immune-response in T cells (10) . The data from these three comparisons (SP and LPS vs OVA, OVA and SP vs LPS, and OVA and LPS vs SP) demonstrates that the bladder inflammatory response to SP and OVA are highlighted when the data from these stimuli are paired with LPS for comparison. . The quantitative results of these analyses and gene lists are summarized in Table 5 ).
Discriminant Function Analysis (DFA)
. DFA was used to identify genes that maximally discriminate among groups and therefore, provided a powerful means of characterizing genes modulating inflammation. In the initial DFA genes with highest ability to discriminate among the three stimuli (SP, LPS, and OVA) were studied. In this analysis, data from all time-points (1h, 4h, and 24h) of a given stimulus were classified as a distinct group. Data from the all arrays performed, including the saline control, were also defined as a distinct group and used to identify the genes that discriminated among groups. The spatial organization of the elements in Figure 11 provides a measure of the overall variance among groups. Interestingly, the relative positions of SP, LPS, and OVA were roughly equidistant from each other. These data suggest that, LPS had the most significant effect on bladder cells. They also suggest that the effects of SP were more similar to those of LPS than OVA. Since LPS and SP had the most significant effects the bladder cells, the genes modulated by these stimuli and not by OVA dominated the analysis. Not surprisingly, 6 of the 7 genes identified by DFA play a key role in inflammation and repair. These included the Fas I receptor, IL-4 receptor, epidermal growth factor, retinoic acid receptor gamma, c-myc, and BRCA1 (Table 6A) . While the overall picture provided by DFA is more limited than that of the correlation studies described above, the overall conclusions were similar.
DISCUSSION
Inflammation is an inherent response of the organism that permits its survival despite constant environmental challenges. The process normally leads to recovery from injury and to healing. To better understand the mechanisms involved in the inflammatory process, we recently used a profiling methodology, based on self organizing maps, to define the major components of this pathway (19 Because of the large amount of data generated with cDNA arrays, some pattern discovery is necessary to provide a high-level overview of a data set. In the present work we used F-means clustering because each step of analysis has statistical estimations of significance. In addition, we applied this procedure only to highly variable genes whose variations over time were statistically significantly different from common instrumental variations. The decision about cluster allocation was also based on the statistical comparison of instrumental variation and the deviations of each member of the cluster from average. And finally, the number clusters was also a product of statistical analysis. Only shapes statistically significantly different from each other represented a new cluster. As a result, there were as many clusters as it was possible to discriminate by statistical analysis rather than by subjective decision. We also took in consideration that some genes could belong to several clusters simultaneously. The procedure reveals not only highly The cluster analysis is based on a simple and reasonable idea, specifically that genes with similar expression behavior may be functionally related. However, the correlations identified by clustering do not necessary reflect true interconnection. Functionally distinct genes may be modified by a common regulator and thereby exhibit highly parallel behavior. A more significant assessment of functional interconnection was obtained from partial correlation coefficients. However only a few publications have used this method to build a molecular network (11, 26, 27) primarily due to the fact that calculating partial correlations is complicated and inefficient. Moreover, the calculations necessary for determining partial correlation coefficients for large data sets are daunting; therefore, a significant portion of the differentially expressed genes from a given study are excluded from analysis to simplify the calculations.
Additionally, current methods yield relatively low partial correlation coefficients whose relevance is difficult to determine. Lastly, significantly robust interconnections between a given pair of functionally-related genes under examination and a third gene can unduly diminish the partial correlation coefficients calculated. The method described herein for the calculation of partial correlation is based on a step-wise examination of the separate contribution of all gene interactions. This analysis revealed strong interconnections and, unlike previously described methods, was not susceptible to relatively strong tertiary gene influences. This method is therefore more robust than previously described methods and demonstrated that the principal inflammatory bladder response to SP was similar to LPS. The relevant genes provided by these analyses are extremely informative, it is the graphical tools such as cluster analysis and correlation mosaics that allow the broader implications of the biology to be quickly discerned. Genes selected as having higher discriminatory capabilities for the responses to different antigens. List of genes with the parameters of their discriminative potentials is presented in Table 6A . Genes selected as having higher discriminatory capabilities for the different phases of the responses to antigens. List of genes with the parameters of their discriminative potentials is presented in Table 6B .
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